Introduction
Freshwater invertebrates perform many roles in ecosystem processes (Palmer et ai., 1997) and these roles are frequently associated with a diverse array of feeding habits which have been organized into functional feeding groups (FFGs). Wallace and Webster (1996) reviewed many roles ofFFGs in stream ecosystems. Streams differ markedly from most ecosystems in that the unidirectional flow of water through areas of different relief, lithology, runoff and large woody debris generates an array of channel forms (Brussock et al., 1985) . These various channel forms result in many diverse habitats (Frissell et aI., 1986) , which place many constraints on organisms and the type and form of their food resources. This physical heterogeneity, including substrate and current velocity, is important in that it influences many aspects of stream ecology including nutrient dynamics, biotic diversity of animals, functional feeding groups, predator-prey interactions, refugia from disturbances, micro-and macrofiora, organic matter retention and transport. as well as local secondary prodUction (see Wallace and>Webster, 1996) .
Most streams have a highly diverse macroinvertebrate assemblage which is represented by several FFGs that have evolved a diverse array of morphobehavioural mechanisms for exploiting foods. Throughout this chapter we will follow the functional classification of Merritt and Cummins (1996) , which is based on mechanisms used by invertebrates to acquire foods. These functional groups are as follows: scrapers, animals adapted to graze or scrape materials from mineral and ,organic substrates; shredders, organisms that comminute primarily coarse particulate organic matter (CPOM ~ 1 mm diameter)~ gatherers, animals that feed primarily on fine particulate organic matter (FPOM ~ 1 mm <0 CAB Interna tiona 1-2 000. Invertebrates as Webmasters in Ecosystems (eds D.C. Coleman and P.F. Hendrix) diameter) deposited within streams;filterers, animals that have specialized anatomical structures (e.g. setae, mouthbrushes or fans, etc.) or silk and silklike secretions that act as sieves to remove particulate matter from suspension (Wallace and Merritt, 1980) ; and predators, those organisms that feed primarily -on animal tissue.
These FFGs refer primarily to modes of feeding or the food acquisition system (sensu Cummins, 1986) and not type of food per sew For example, many filter-feeding insects in streams are primarily carnivores (e.g. Benke and Wallace, 1980, 1997) . Scrapers also consume quantities of what must be characterized as epilithon (FPOM, accompanying microbiota, algae) and not solely attached algae. Likewise, although shredders may select materials that have been Imicrobially conditioned' by colonizing fungi and bacteria (e.g. Cummins and Klug, 1979) , these shredders also ingest attached algal cells. protozoans and various other components of the fauna during feeding (Merritt and Cummins. 1996) . While it appears valid to separate taxa according to the mechanisms used to obtain foods, many questions remain concerning the ultimate sources of assimilated energy for each of these functional groups (e. g. Mihuc, 1997) .
In most streams draining forested regions in eastern North America, allochthonous inputs from the surrounding forest far exceed inputs from withinstream primary production (Webster et aI., 1995) . Only tundra and arid land streams appear to have levels of autochthonous production exceeding those of allochthonous inputs . Thus, it is not surprising that animal assemblages of streams draining forested regions have long been viewed as relying primarily on allochthonous inputs from the surrounding forest (Cummins. 1973) . Most of the particulate organic matter entering streams draining forested regions is primarily in the form of CPOM, leaves and woody debris (Fig. 4.1) , which usually compose a large portion of the total particulate organic matter (POM) standing crop aones, 1997). In the absence of storms, very little of the organic matter stored in headwater streams is exported as CPOM. Most carbon loss at baseflow is in the form of FPOM and dissolved organic carbon (DOC) (Naiman and Sedell, 1979; Webster and Patten, 1979; Wallace et aI.. 1982) . Thus, shallow headwater streams can be thought of as sites of input, storage, transformation and export of organic matter, since DOC and FPOM are much more amenable to entrainment and downstream transport compared with CPOM. Although DOC does enter the stream through groundwater, some of this DOC is derived from leaf litter stored within the wetted channel (Meyer et al., 1998) . Invertebrates promote downstream transport by bioturbation and conversion of CPOM to more easily transported FPOM (Fig. 4.1 ). Downstream organisms, especially filterers, promote retention of organic matter, whereas other functional groups such as grazers, gatherers and predators often enhance transport through their feeding activities. In larger downstream areas, most organic matter is available as either suspended or deposited FPOM, and these regions are dominated by filterers, gatherers, predators and, to a lesser extent, shredder-herbivores when macrophytes are available (Fig. 4.1 ). Upstream reaches (left) often have much stored CPOM behind woody debris dams. Middle reaches can be active sites of algal production on cobble and boulders, while downstream reaches (right) can have abundant aquatic macrophytes and large inputs of FPOM from upstream. Also, notice how FPOM and DOM are important resources along the entire stream length. Processes affected by functional feeding groups (1-5) are indicated by lines with hourglass symbols and are described in the text. J.B. Wallace and }.] . Hutchens,}r This chapter focuses on various processes that are influenced by invertebrate activities rather than on individual functional groups themselves. Invertebrates influence lotic ecosystem processes by several mechanisms. which we will discuss in the following sections. First. invertebrates alter resource quantity, size and shape. Second, invertebrates enhance downstream movement of carbon and associated nutrients. Third. their activity can also enhance retention of carbon and nutrients. Fourth. predators, through their influence on standing crop of prey. may affect all processes. Finally, we address how largescale physical changes along stream gradients affect invertebrate assemblages and their primary roles in stream ecosystems.
Invertebrate Activities that A·lter Resource Quantity, Size and Shape
Invertebrates have been shown to alter organic resources in streams by various mechanisms, including grazing of periphyton assemblages by scrapers (=grazers). feeding on macrophytes. shredding of leaf detritus and processing of woody debris. These activities can affect ecosystem structure by reducing standing crops and modifying assemblage structure of both primary producers and heterotrophs. Ecosystem processes can also be changed. for example primary production.
Since early reviews by Gregory (1983) and Lamberti and Moore (1984) there have been numerous studies of periphyton-scraper interactions. A classic example dramatically demonstrating grazing effects on algae was conducted in a California stream by Lamberti and Resh (1983) , where grazing caddisflies greatly reduced the standing crop of algae and increased algal turnover rate. The important role of grazers in many streams was highlighted by a metaanalysis of 89 stream experiments, which indicated that grazers maintained at ambient densities reduced periphyton biomass 70% of the time (Feminella and Hawkins, 1995) . Furthermore, comparison ofperiphyton community structure with and without grazers indicated that >80% of the experiments showed grazers altered algal taxonomic and physiognomic structure (Feminella and Hawkins, 1995) .
Although macrophytes in streams are generally assumed to be rarely fed upon, invertebrate consumption of living macrophytes may be important (see review by Newman. 1991) . For example. floating-leaf macrophytes, such as Nuphar. can be heavily grazed and contribute high quality FPOM to the detrital food web throughout the growing season (Wallace and Q'Hop. 1985) . Some macroinvertebrates have been used successfully as biological control agents of introduced aquatic macrophytes such as alligatorweed and Hydrilla in Coastal Plain streams (Buckingham. 1994) . However. feeding on submerged macrophytes in streams is poorly studied in North America, although some European studies do indicate that grazing can be significant at certain times during the growing season (Jacobsen. 1993; Jacobsen and Sand-Jensen, 1994a, b 
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Overall, the impact of aquatic invertebrates on submerged macrophytes and the ecosystem consequences of shredder-herbivores are not well known (Newman, 1991) . Invertebrate shredders in laboratory streams increase the rate of conversion of CPOM to FPOM (Petersen and Cummins, 1974) . Shredders generally have low assimilation efficiencies and high ingestion rates (McDiffett, 1970; Golladay et al., 1983) , resulting in much FPOM generation (McDiffett, 1970) . A direct relationship was also shown between shredder activity, leaf litter breakdown and subsequent ingestion of fine particles by filter-feeding insects (Short and Maslin, 19 77) . Furthermore, laboratory feeding studies indicate that shredders facilitate leaching of DOC from CPOM (Meyer and O'Hop, 1983) .
The importance of invertebrates in processing large detrital particles is not limited to leaf litter, but also includes woody debris. Wood breakdown is much slower in freshwater than in terrestrial ecosystems (Harmon et al., 1986) and is primarily a surface area phenomenon in freshwater habitats (Triska and Cromack, 1980) . Invertebrate shredders and scrapers promote wood decomposition by scraping, gouging and tunnelling through wood (Anderson and Dudley and Anderson, 1982) , which exposes additional surfaces to microbial colonization and decomposition (Anderson and Sedell, 1979 ). An astonishing example of how aquatic insects can increase wood breakdown is an incidence of caddis flies causing a bridge to collapse. The collapse was a result of wood gouging by generations of hydropsychids for their retreats on the wooden bridge pilings (NTSB, 1989) . In addition, feeding grooves in wood left by elmid beetles can enhance colonization by other invertebrate species (McKie and Cranston, 1998) .
I nvertebrate Activities that Enhance Movement of Carbon and Nutrients
Invertebrate assemblages within stream reaches influence the movement or loss of nutrients through their feeding and activity. However, this influence is difficult to estimate because of a number of problems associated with studying fine particle movement. Still, taxa from various FFGs have been found to increase particle export and thus influence the movement of energy in stream ecosystems.
The influence of the entire insect community on particle movement was addressed in studies conducted at the Coweeta Hydrologic Laboratory in western North Carolina. The application of an insecticide to a small headwater stream eliminated >90% of the aquatic insect biomass and greatly reduced secondary production (Lugthart and Wallace, 1992) . This manipulation significantly reduced breakdown rates of leaf litter without significant change in microbial respiration rates of litter in treatment and reference streams (Cuffney et al., 1990) . In the treatment, or macroinvertebrate-reduction stream, export of FPOM was greatly reduced compared with that of nearby, untreated reference streams (Wallace eta1., 1982 (Wallace eta1., , 1991 Cuffney et al., 1990) . Following treatment, restoration of invertebrate shredder populations coincided with a return ofleaflitter processing rates (Wallace et al., 1986; Chung et al., 1993) and FPOM export (Wallace et al., 1991) similar to pretreatment and reference stream levels. These studies demonstrated that macro invertebrates accounted for 25-28% of annual leaf litter processing (Cuffney et al., 1990) and 56% of FPOM export (Wallace et al., 1991) . The 56% reduction in export during the 3-year treatment was equivalent to 161-198 kg ash-free dry mass less FPOM export to downstream reaches (Wallace et al., 1991) . These studies also indicate that the influence of invertebrate populations is as great on inorganic as on organic matter export . Lower whole-stream export of inorganic particles following pesticide treatment was attributed to at least two mechanisms: (i) the rate of particle generation by feeding activities of animals was reduced; (ii) the increased storage of leaf litter enhanced retention of particles.
We still have much to learn about transport processes of fine particles in streams. McNair et al. (1997) identified several major questions including: By what methods do particles become entrained in the water column? What is the length of time required for particles to reach the bottom? How far do particles travel? and What determines whether settled particles are retained or reflected? Although such questions are important to benthic organisms and ecosystem processes, the complications involved with applying the modelling efforts such as those of McNair et al. (1997) to heterogeneous areas of streams, which differ with respect to velocity, depth, substrate and turbulence, would appear to be overwhelming. Nevertheless, various taxa of scrapers, gatherers and filterers have been shown to enhance particle export.
Several studies have shown that grazing snails (Mulholland et al., 1983; Lamberti et al., 1989) and insects (Dudley, 1992) increase downstream export ofFPOM from grazed substrates. Heavy grazing results in periphyton mats with closely appressed adnate forms of diatoms which are less susceptible to scouring and loss during disturbances such as large storms (Mulholland et aI., 1991) . Experimental studies have also shown that grazing promotes nutrient turnover in periphyton communities (Steinman et al., 1995) . Hence, grazing may result in a consistent, prolonged release of materials to downstream reaches, in contrast with large storms that induce pulsed massive export over short time intervals. A very similar role was suggested for shredders (Wallace et al., 1982; Cuffney et al., 1984) .
The role of gatherers in FPOM transport was implicated by Cushing et al. (1993) . These authors found that labelled FPOM released into an Idaho stream exhibited continuous deposition and resuspension as particles moved downstream. This flux of FPOM indicated that gatherers feeding on FPOM may induce regular, diffuse downstream transmission of their food rather than local depletion (Cushing et al., 1993 example, in montane Puerto Rican streams, feeding activities of atyid shrimp reduce organic matter accrual on benthic substrates (Pringle et aI., 1993) .
Other invertebrate gatherers transfer fine organic matter buried in depositional areas to substratum surfaces as faeces. Larvae of Ptychoptera (Diptera: Ptychopteridae) possess an elongate caudal respiratory tube which allows them to feed on buried organic matter in shallow areas while maintaining contact with atmospheric air. The larvae preferentially feed in substrates that have a high percentage of fine organic matter and high microbial biomass (Wolf et aI., 1997) . Based on gut passage times, larval life histories and AFDM of faecal pellets, Wolf et at (1997) suggest that Ptychoptera transfer 770 g DW m -2 year-1 (;:: 123 g AFDM) of buried sediments to the substrate surface as faeces. These faeces are readily available as food to other invertebrates, as well as subsequent transport to downstream areas (Wolf et al., 1997) .
Although filter-feeding invertebrates typically decrease losses of organic matter and nutrients within a given stream segment (Wallace and Webster, 1996) , some may also increase losses. Ametropus spp. mayflies are unusual among filterers in that they occupy unstable, sandy-bottom areas oflarge rivers.
Ametropus uses the head, mouthparts and forelegs to create a shallow pit, which initiates a unique vortex in front of the head and results in resuspension of fine organic matter as well as occasional sand grains. Some of the resuspended particles are then apparently captured by setae on the mouthparts and forelegs.
Hence, Ametropus exploit the abundant fine organic particles entrapped in the sediments oflarge sandy-bottom rivers, but also increase their movement downstream (Soluk and Craig, 1988) .
Invertebrate Activities that Enhance Retention
Retention of organic matter and nutrients is affected primarily by filter-feeding stream invertebrates; however, other functional groups may also be important. For example, cycling of nutrients in food webs can immobilize nutrients in: stream reaches. Also, burrOwing activity by invertebrates can transport surface organic matter to deeper sediments. which reduces downstream transport. In: addition, structures created by some insects can serve as sites of travertine' (CaC0 3 ) deposition. Nevertheless, direct removal of transported material by filter-feeders has received the bulk of attention and has been shown to have' variable effects on retention depending on size of stream, abundaRce of filterers and taxa-specific differences in feeding.
The transformation and storage of nutrients by invertebrates can have at significant influence on nutrient export and overall efficiency of nutrient· retention within streams (Merritt et al., 1984) , but quantifying the role of: invertebrates in nutrient cycling in streams has receiVed little study. A 6-week nutrient tracer addition ([lSN] NH 4 ) to a small tundra river in Alaska during the sum: mer resulted in rapid labelling of primary producers (filamentous algae. epiUthou.and moss), which was then quickly incorporated into invertebrate scrapers, for example Baetis and chironomid larvae (Peterson et al., 1997) . Among filtering invertebrates, such as Prosimulium, the peak in label within larvae occurred further downstream than in scrapers, suggesting that these downstream filterers were relying on FPOM produced by sloughing of epilithon (Peterson et a1., 1997) . Presumably scraper activity, including egested faeces, also contributed to the downstream increase in label found in simuliids. Those aquatic insects with long-lived larval stages (> 1 year, i.e. the caddis flies Brachycentrus and Rhyacophila) retained the labelled nitrogen for at least 2 years following termination of the lsN release. In fact, 1 year following the treatment these caddisflies retained a higher proportion of labelled nitrogen than the epilithon (Peterson et al., 1997) . It should be noted that even those animals with shorter life histories (e.g. chironomids and simuliids) emerge and transport nutrients back to the terrestrial environment, which also reduces losses of nutrients from the catchment.
Some burrowing animals increase transfer of organic matter from the stream bed surface to deeper sediments, thereby making the organic matter less amenable to downstream transport, and enhancing retention. Larvae of the European sericostomatid caddisfiy, Sericostoma personatum, feed on surface CPOM at night and burrow into the stream bed during the day. Subsequent defecation by S. personatum increased subsurface sediment organic content by 75-185% compared with controls containing no sericostomatid larvae in the laboratory (Wagner, 1991) . A somewhat similar phenomenon may occur with other sericostomatid larvae such as the western North American species, Gumaga nigricula, which transfers case-associated algae into the sediments by abrasion during burrowing (Bergey and Resh, 1994) .
Although filter-feeding hydropsychid caddisflies primarily retain organic matter through their filtering (see below), their retreats and silken nets can also act as important substrates for calcium carbonate preCipitation in travertine streams (Drysdale, 1999) . Drysdale found that Cheumatopsyche larvae in a small, spring-fed stream in Australia enhanced rates of travertine deposition in three ways. First, the retreat and net ~ct as sites for CaC0 3 precipitation, and become completely encrusted over time. Second, the encrusted retreats and nets that are incorporated into the travertine increase rock porosity, and increase the accumulation rate. Third, the retreats and nets increase bed surface roughness, which disrupts flow and enhances turbulence, thereby enhancing rates of CO 2 outgassing and CaCO 3 precipitation. Overall, these hydropsychid structures enhanced travertine deposition from about twofold in areas where background rates of precipitation were high, to about 20-fold where background rates were low (Drysdale, 1999) .
Streams transport large amounts of organic matter, primarily in the form of DOM and FPOM. Most seston carried by streams consists of particles < 50 J.UI1 in diameter, and many groups including some ephemeropterans, trichopterans (Philopotamidae) and dipterans (Simuliidae and some Chironomidae) have evolved mechanisms to feed on these minute particles (Wallace and Merritt, 1980) . Bivalves consume even smaller particles on average, generally ranging -, 1997 (Thorp and Covich, 1991) . Microfilterers, such as the Philopotamidae, Simuliidae and bivalves, increase particle sizes by ingesting minute particles and egesting compacted faecal particles larger than those originally consumed. Such microfilterers perform two very important functions in streams. First, they remove fine particulate organic matter from suspension (which would otherwise pass unused through the stream segment) and second, they defecate larger particles, which are available to deposit-feeding detritivores' (Wallace and Webster, 1996) . Filterers were hypothesized to reduce downstream transport of suspended POM (Wallace et al., 1977) and decrease spiralling distances of nutrients and organic matter (Webster and Patten, 19 ?9~ Newbold et ai., 1982) .
Most studies of seston removal by filterers have suggested low rates of seston removal, i.e. generally well below 1 % seston removal per m length of stream (Georgian and Thorp, 1992) . The highest rates of seston removal by insect filter-feeders in streams have been obtained in studies that incorporated microfilterers such as Simuliidae. Morin et aI. (1988) found that simuliid larvae ingested 0.8-1.4% of the seston per m of stream below a Quebec lake outlet; these are the highest rates of seston removal reported. The study of Morin et al. was made during low flows in late spring when the standing stock of black flies was high. whereas other studies, performed on an annual basis, indicated lower rates of seston removal. However, even low rates of seston removal can have a surprising impact on removal of FPOM from the water column. Recently, Wotton et al. (1998) studied a short length of a small Swedish stream which drained directly into the Baltic Sea, and found that 33% of the faecal pellets produced by black fly larvae were sedimented or intercepted before reaching the Baltic. Wotton et al. (1998) found that filter-feeder removal of seston was only 0.06% per m linear stream length. Despite this low rate of removal, Wotton et al. (1998) estimated that black fly faeces added 87 gem -2 year-l to the stream bottom using a conservative estimate of black fly larvae being in the stream for only 1 month. These faecal particles are thus available to a number of depositfeeding collectors (Wotton et al., 1998) . Hall et al. (1996) used fluorescently labelled bacteria (FLB) and found much lower rates of removal than those reported by either Morin et al. (1988) or Wotton et al. (1998) . In the headwater stream studied by Hall et al. (1996) only 7% of the FLB removal was by filter~ feeding insects, with simuliid larvae accounting for most of the 7% removed. Instead, most FLB were removed by sedimentation. However, densities of black flies in the study of Wotton et al. (1998) were 52-125 times higher than those studied by Hall et al. (1996) , which probably explains the differences in removal rates.
Rates of seston removal by filtering insects are much lower for large rivers than the above estimates for small streams (Benke and Parsons, 1990 (Benke and Wallace, 1997) . Indeed, many filter-feeding macroinvertebrates consume a wide array of food types. Larger particle-feeding hydropsychids (Trichoptera) are selective towards higher quality food items such as diatoms and animal drift (Benke and Wallace. 1980, 1997; Petersen, 1985 Petersen, , 1989 . This, and generally low rates of seston removal by hydropsychids, suggests that their major impact is on the quality and type of POM in suspension (Benke and Wallace. 1980 : Petersen, 1989 Georgian and Thorp, 1992) . Georgian and Thorp (1992) Bivalve molluscs represent another agent of seston removal by filterfeeding invertebrates. In the Ogeechee River, Georgia. Stites et al. (1995) used secondary production and bioenergetic efficiencies to estimate seston removal by the Asiatic clam. Corbiculafluminea, and found little evidence of significant seston removal. In contrast, C. j1uminea populations in the Potomac River estuary reached extremely high densities and were estimated to. filter about onesixth of the estuary volume each day (Phelps. 1994 ). The author also attributed an increase in submerged aquatic vegetation to increases in water clarity and light penetration. resulting from removal of phytoplankton by Corbicula (Phelps, 1994) .
Invasion of the zebra mussel, Dreissena polymorpha, into the freshwater tidal portion of the lower Hudson River resulted in massive abundance, estimated as ,..., 550 billion individuals river-wide, and was considered to be the main agent behind a decline in phytoplankton (Caraco et al., 1997) . Summer chlorophyll concentrations decreased from 30 f.lg 1-1 prior to invasion to < 5 f.1g I-I after establishment of Dreissena (Caraco et aI., 1997) . This decline in phytoplankton was followed by a strong decline (>70%) in zooplankton populations in the Hudson River, including flagellated protozoans ).
Zebra mussels are not efficient removers of sestonic bacteria, but are very effective removers of flagellated protozoans, which are major predators?of bacteria. The decline in zooplankton, including flagellated protozoans. in the Hudson River resulted in an overall increase in planktonic bacteria . Although bacteria abundance increased, production did not, indicating that bacterial growth was limited by carbon supply following the invasion by Dreissena . In the River Spree, a lake-outflow stream in Germany, bivalve populations. including Dreissena and unionid mussels, were estimated to filter the entire daily discharge over a 21-km reach of the river (Welker and Walz, 1998) . Furthermore, Welker and Walz (1998) observed significant downstream decreases in chlorophyll as well as in zooplankton populations, which were attributed to mussel feeding. Clearly. intense filter-feeding activity by bivalves can produce pronounced effects in food webs and has many indirect effects in rivers. 
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Extremely large standing stocks of filtering insects such as caddisflies and black flies can be found under certain conditions including: limited stable substrate; sufficient current velocity; and high-quality organic seston concentrations (Fremling, 1960; Parker and Voshell, 1983; Voshell, 1985; Wotton, 1987) . Invariably, some of the highest levels of secondary production in the world are those offilter feeders in streams. Such high densities and production of filterers, compared with all other functional groups, are possible because filterers are using the kinetic energy of the current to. exploit foods produced in other habitats and made available to them by the current (Cudney and Wallace, 1980) . As a consequence, less energy is expended in search of food, and extremely high biomass per unit area can be supported (Cudney and Wallace, 1980) . Thus, in habitats with high particle transport, filterers exploit the physical environment and increase particle retention.
Diversity of Roles for Predators
Predators can play numerous diverse roles at scales ranging from indiyiduals to ecosystems, and invertebrate (and vertebrate) predators in streams are no exception. Predators can influence export and retention of energy and nutrients through their effects on the standing stocks of other functional groups (Fig.  4.2) . Other mechanisms include decreasing rates of nutrient cycling by immobilizing nutrients in long-lived predator taxa versus short-lived prey. Besides direct consumption, foraging by invertebrate predators can enhance invertebrate drift and suspended FPOM, which also increases export of nutrients. Although these specific predation effects have been documented, it has often proved difficult to quantify precisely how predators influence stream processes.
Invertebrate predators can enhance retention of organic matter by retarding breakdown rates of leaf litter as well as subsequent generation of FPOM. For example, predaceous plecopterans and caddisflies significantly decreased the rate of leaf litter processing by reducing shredder populations in leaf packs (Oberndorferet al. t 1984) . Predator densities used by Oberndorfer et aI. were almost 10 times those of background. However, Malmqvist (1993) used more realistic densities of predators and was not able to demonstrate a reduction in shredder densities in the presence of a predatory stonefly, Diura. StilL he did find that less leaf material was processed in cages with predators. In additional laboratory feeding experiments, two of three shredder species produced less FPOM when exposed to predators (Malmqvist, 1993) . Finally, the study by Peterson et al. (1997) ( predation on benthic prey may exceed the impact of fish predators (Sih and Wooster, 1994) . In the presence offish, invertebrate prey often reduce movement and seek refuge in the substrate. In contrast, invertebrate predators have the ability to search in sites similar to those being used by their prey and the latter may respond by actively entering the water column and drifting downstream (Sih and Wooster, 1994: Wooster, 1994) . Foraging by invertebrate predators can also influence the downstream movement of inorganic material through their physical activities. For example, foraging by a European stonefly, Dinocras sp., was suggested to have an erosion potential of about 200-400 kg sand m-2 year-1 at natural population densities and under favourable flow conditions (Statzner et al., 1996) . In addition, hungry stonefly predators tend to remove more fine sediment than fed stonefiies apparently because hungry predators forage more intensively in the interstitial spaces, thereby dislodging fine sediments (Zanetell and Peckarsky, 1996) . The unusual predaceous mayfly, Pseudiron sp., feeds primarily on chironomid larvae inhabiting sandy substrates of large rivers. Pseudiron digs pits, which are enlarged by vortex currents around their head, promoting both exposure of chironomid prey and accelerating downstream movement of particles (Soluk and Craig, 1990) .
Predators can also cause an increase in primary producers through a reduction in dominant primary consumers. This was well documented by Kohler and Wiley (1997) , who showed that periphyton biomass increased in several Michigan streams after the collapse of a dominant scraping caddisfiy, GIossosoma. This collapse was caused by a parasite. a sub-category of predators, which only affected Glossosoma.
The results of Kohler and Wiley (1997) may also provide insight into why the overall impact of predators is difficult to detect at the community level. The microsporidian parasite acts on a specific taxon, whereas most invertebrate predators consume multiple prey taxa (Allan, 1983; Hall et aI., 1996) . In fact, many invertebrate predators feed on prey at multiple trophic levels, including other predators (Le. intraguild predation sensu Polis and Holt, 1992) . which complicates conventional food chain theory (Polis, 1994; Hall et aI .• 1996; Polis and Strong, 1996) . Intraguild predation of other invertebrate predators accounts for 16-27% of all predator ingestion in a small mountain stream at Coweeta; hence. this predation is diffusely distributed among multiple taxa (Hall et aI., 1996) .
Diffuse predation may be an important reason why the effects of predators are often difficult to show at larger scales in many streams (however, see Power, 1990; Huryn, 1998) . In his review of stream food webs. Hildrew (1992) stated the problem with predators as: 'the inference is that either predation is really dynamically trivial in running waters or the experiments are unable to detect the effects through some details of scale, timing. or design'. There is certainly evidence that predators do consume a large quantity of available prey. During a 4-year litter exclusion study for an entire stream at Coweeta, total secondary production in the dominant mixed-substrate habitats declined to 22% of pretreatment values by the 4th year, the lowest secondary production reported for streams worldwide (Benke, 1993) . Litter exclusion clearly showed strong bottom-up effects extending from primary consumers to predators (Wallace et al., , 1999 . Production by predators in the treatment stream was also strongly related to that of their prey. Based on simple bioenergetic efficiencies, the results suggest that production by predators is constrained by productivity of their prey. Thus, despite obvious bottom-up control of productivity in this system, the importance of predators (top-down) cannot be ignored as predators consume most of the benthic invertebrate production (Wallace et aI., 1997 (Wallace et aI., , 1999 . Indeed, detecting such diffuse predation in this detritus-based stream would probably be impossible without multi-year studies that assessed secondary production while Simultaneously curtailing the detritus food bas~ Some stream studies, which have fish as top predators, have shown strong top-down effects on primary production. Such 'trophic cascades' result when feeding activities of a population at one trophic level have quantitative effects on material and energy flow through non-adjacent trophic levels (Carpenter et al., 1985; Power, 1992a; Huryn. 1998 ). To our knowledge such trophic cascades are most pronounced in streams (or portions thereof) that have simple food chains where autochthonous production is the primary energy resource and fish are top predators. In most cases, effects were seen only in some species or for certain substrates for a short time (Power, 1990 (Power, , 1992b ; however, at least one study (Huryn. 1998) provides compelling evidence for strong topdown effects for an entire year. The introduction of brown trout into a New Zealand stream apparently produced sufficient top-down effects on herbivorous invertebrates to influence standing crop and increase productivity and biomass of periphyton. In contrast, in a nearby stream, the impact of native galaxias fish on herbivorous invertebrates resulted in much less pressure on herbivore species, lower periphyton biomass and productivity (Huryn, 1998) . Although fish are the top consumers in these systems, we should not forget that it is through the invertebrates that the effects are propagated either up or down in food webs (Hunter and Price. 1992; Wallace and Webster, 1996) .
Large-scale Physical Heterogeneity and Invertebrate Assemblages
In addition to local physical heterogeneity, there are other large-scale physical changes along stream gradients. These large-scale changes were incorporated into a general framework of stream ecosystems as the river continuum concept (RCC) (Vannote et a1., 1980; Minshall et aI., 1983) . However, results from many areas around the world indicate that changes in energy inputs and biological communities proposed in the RCC are not applicable to all river systems (e.g. Statzner and Higler. 1985; Meyer, 1990; Cushing etal., 1995) . In the southern Appalachian Mountains, many biological attributes of streams roughly correspond to those proposed in the original RCe, although some exceptions exist (Grubaugh et aI., 1997) . Striking differences in functional group production occur at opposite extremes of the Coweeta-Little Tennessee River continuum (Grubaugh et aI., 1997) . For example, in the headwater stream, shredders, gatherers and predators dominate the invertebrate assemblage, whereas in the larger Little Tennessee River. 80% of the secondary production is attributable to filter-feeding taxa (Table 4 .1). The most remarkable difference between sites is that the production at the river site exceeds that of the shaded, headwater stream by 20-fold.
In part, the high production at the larger Little Tennessee River site is enhanced by the presence of the aquatic macrophyte, Podostemum ceratophyllum (Michaux). Podostemum probably plays several vital roles in accounting for the high production of invertebrates. including: adding a three-dimensional structure to the substrate and providing additional habitat for invertebrates (Grubaugh et al .• 1997) ; retaining organic matter within the dense macrophyte mat and providing food to non-filtering organisms; adding surface area for colonization by epiphytic diatoms and enhancing algal availability to benthic organisms; providing refugia fronl foraging predators; and affording protection for invertebrates from physical disturbance such as storm flows, because
Podostemum is usually associated with large stable substrate. Hence, it is not surprising that in eastern North America, some of the highest levels of invertebrate production in streams, especially for fllterers. are associated with Podostemum (Parker and Voshell, 1983; VoshelL 1985: Grubaugh and Grubaugh et aI., 1997) . The dissimilarities in production and community structure between upstream and downstream sites of the Little Tennessee River continuum are a result of resources being unequally distributed along the river gradient. Hall et al. (2000) and Rosi (1997) used the trophic basis of production method (Benke and Wallace, 1980) to estimate annual food consumption by invertebrates at both locations (Table 4 .2). Note that invertebrates in the headwaters consume primarily leaf and amorphous detritus stored in the stream, whereas downstream consumption is dominated by amorphous detritus and animal tissue (Table 4 .2). In the headwater stream draining a deciduous forest, there is an abundant supply of stored allochthonous detritus, and benthic organic matter exceeds that of the downstream site by more than eightfold (Table 4. 3). In contrast, annual transport of organic matter per linear m of stream of the larger river site exceeds that of the headwater stream by more than 260-fold. Clearly, there are marked differences in the form of organic matter, that is, stored versus transported, available to the benthos (Table 4. 3).
The functional structure of the animal community (Table 4 .1) reflects this difference in organic matter supply. The high consumption required to support production at the Little Tennessee River site is a direct result of the dominance of filter-feeding hydropsychid caddisflies, which rely on the transport of organic matter and invertebrates from upstream. Obviously, the extraordinarily high. consumption required to support secondary production of the Little Tennessee River could not occur without a massive subsidy of organic material from upstream areas delivered by the flow. For example, animal consumption at the. study site is greater·than local production (Table 4. 2), which can only be sustained by input from upstream. Furthermore, the consumption required to support total secondary production in the Little Tennessee River exceeds that'of the benthic organic matter standing crop. unlike at the headwater site {Table macroinvertebrates to account for their secondary production in a 1 st order stream (C 53) and !he 7th order Little Tennessee River using the trophic basis of production methods of Benke and Wallace (1980, 1997) . Data for C 53 are recalculated from July and December values from Hall et al. (2000) and data for Little Tennessee River from Rosi (1997) .
Consumption
Percentage of (g AFDM m-2 year-1 ) total consumption 4.3). This is also a consequence of the filterers in the Little Tennessee River being supported by the most available resource, FPOM in transport, which is in relatively short supply in the headwaters (Table 4. 3). Although most other FFGs at the downstream site are a minor component of total production, their absolute production still surpasses that of the upstream site. From the broader perspective of the entire basin, headwater streams tend to be shallow, easily obstructed by woody debris, have low stream power and have physical characteristics favouring retention of organic matter inputs from the surrounding forest. The invertebrate assemblage in these small, fishless streams exploits the physical environment and is dominated by shredders, gatherers and invertebrate predators (Table 4.1). Their feeding activities tend to decrease particle size of organic resources and favour downstream export of FPOM. which is more amenable to transport than larger CPOM. By contrast. downstream reaches have much higher discharge. greater stream power and less retention. which promote entrainment of organic matter. Again. the invertebrate assemblage exploits the physical characteristics of the system by a dominance of filterers (Table 4 .1). which promote retention of entrained organic matter. Thus. in both the upstream and downstream areas, the invertebrate feeding assemblages have evolved to reflect the physical characteristics of the system.
Conclusions
Many of the processes that we have identified in this chapter occur at scales much smaller. i.e. within patches of substratum, than that of a stream reach. However. while small patches have received some attention among stream ecologists (Minshall, 1988; Pringle et ai., 1988) , the more difficult problem is assessing how various patches contribute to a given stream reach (Minshall, 1988) . Even within small headwater streams of the Little Tennessee River basin, localized habitats. for example moss-covered bedrock. can have an invertebrate assemblage more characteristic of larger downstream reaches (Huryn and Wallace, 1987) . Furthermore. within a reach, the relative frequency of different patch types influences invertebrate assemblage structure and hence ecosystem processes within the reach. Over an entire stream continuum, there are thousands of individual patches, whose functions may vary depending on local physical attributes. for example retention or entrainment. There is also the difficult question of how materials are transferred between successive longitudinal patches (e.g. McNair et al., 1997) . Obviously, the size and contribution of patches with their respective invertebrate assemblages will need to be incorporated into whole-stream studies, if we are to begin to assess the contribution of benthos to processes at the ecosystem level.
These considerations raise the following questions. What spatial and temporal changes occur within and among patches? What is the relative contribution of major patches to secondary production and biotic processes within a reach? What influences the effectiveness of a patch in assemblage funetionand in its· role in ecosystem processes? Finally. there is the broader question: How do regional differences in slope, geology, watershed area, as well as other abiotic factors, and anthropogenic activities influence patch formation and.function? Clearly, it is one thing to show that individual taxa or functional. groups of organisms may affect particular processes in streams; however, extrapolating these processes to entire streams will be challenging. 
